Cotton (Gossypium hirsutum L.) grown in controlled environments responds to N deficiency with decreased hydraulic conductance and midday leaf water potential (h). Experiments were initiated to determine whether N deficiency similarly affects plant water relations in the field. Cotton was grown for 4 yr with adequate N or a mild N deficiency. Nitrogen fertility had little effect on v',, (determined with a pressure chamber) early in the season, but beginning in midseason the of N-deficient plants was 0.2 to 0.4 MPa higher than that of the fertilized plants. This difference was seen both before N had affected leaf area, and after canopy closure had occurred at both N levels. Stomatal conductances and transpiration rates of recently matured sunlit leaves (determined by steady-state porometry) remained unaffected by N. This evidence indicates that N deficiency increased plant hydraulic conductance in the field, contrary to its effect in controlled environments. However, in regressions of transpiration rate on leaf t' from dawn to midday, N had no consistent effects on the slopes (a putative measure of hydraulic conductance). These discrepancies have not been resolved. Nonetheless, N deficiency clearly does not decrease hydraulic conductance of cotton in the field in Arizona as it does in controlled environments.
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M ANY PROCESSES occurring in leaves, such as gas exchange and cell enlargement, depend upon maintenance of a favorable water status (Begg and Turner, 1976; Boyer, 1985) . The physiology of these relationships has been extensively studied in plants grown in controlled environments. Plant water relations are more difficult to study in the field, however, because of variability within the soil and among individual plants. Additionally, cause-and-effect relationships are often unclear in the field because of simultaneous changes in factors that influence water use and stress responses (such as stage of crop development and atmospheric factors). As a result, the physiological processes underlying plant water status in the field are poorly described.
At steady state, leaf water potential depends upon the hydraulic conductance and flux of water through the plant, and can be represented by: [1] in which J is water flux, L is hydraulic conductance between soil and leaf, and A4', is the water potential difference between the two sites. In controlled environments, N deficiency decreases L of roots (Radin and Boyer, 1982; Radin and Eidenbock, 1986; Radin and Matthews, 1989; Radin, 1990 ). Radin and coworkers argued that decreased L leads to lower leaf and is a major reason for slower leaf expansion with N deficiency. In addition, N deficiency may limit water loss by decreasing stomatal conductance (ga) (Shimshi, 1970; Morgan, 1986) . Assuming no other influences on water transport rates, these decreases in L and g would tend to decrease and increase leaf water potential, respectively, in N-deficient plants.
Smaller leaf area associated with N deficiency may also minimize the decrease in leaf' by limiting evaporating surface area and total water flux. On balance, it is unclear whether N deficiency should increase or decrease in the field. The water balance of N-deficient plants in the field has not been characterized as carefully as for controlled-environment plants. Bennett et al. (1986) found that N stress did not significantly alter crop water relations of well-watered corn (Zea mays L.). In contrast, N deficiency in cotton (Gossypium hirsutum L.) enhanced stomatal closure during water stress as it did in controlled environments (Radin et al., 1985) . To our knowledge, effects of N nutrition on hydraulic conductance in the field have not been reported. We compared the t' of fertilized and N-deficient cotton over four seasons to test the hypothesis that N deficiency decreases hydraulic conductance. Experiments included all stages of crop development from preflowering to maturity. Measurements were made in the absence of soil water stress to isolate effects of N.
MATERIALS AND METHODS
Upland cotton was grown at two experimental sites in Arizona. In 1984 and 1985, 'Deltapine 62 ' was grown at the Maricopa Agricultural Center of the University of Arizona and irrigated on 1-or 2-cl intervals using a drip irrigation system. The soil was a Mohall sandy loam (fine-loamy, mixed, hyperthermic Typic Haplargid). Cultural practices and details of the drip irrigation system were described earlier (Fangmeier et al., 1989; . In the fertilized plots, N was added through the irrigation system to a seasonal total of 224 kg ha and 75 kg ha-' in 1984 and 1985, respectively. In the unfertilized controls, no N was added. However, in both treatments the irrigation water carried some NO '
-Nand supplied about 37 kg N ha-' additional to the amounts above (Mezainis, 1985) . In 1985, cotton was planted after winter-cropping with barley (Hordeum vulgare L.) and removal of aboveground biomass to deplete available N.
In 1986 and 1987, 'Deltapine 61' cotton was grown at the Western Cotton Research Laboratory, Phoenix. The soil at this location is an Avondale clay loam (fine-loamy, mixed, hyperthermic Typic Torrifluvent). The cotton was grown in raised beds within level basins and irrigated with 150 mm of water approximately every 14 d. Again, cultural details were described earlier . Urea at 168 kg N ha-' was supplied to the fertilized plots in both years. At this location, N in the irrigation water contributed <5 kg Abbreviations:, leaf water potential; L, hydraulic conductance between soil and leaf; g,, stomatal conductance; LA!, leaf area index; and D, day of year.
ha-1 . As at Maricopa, barley was grown in the plots during the winter between the two cotton crops and removed to deplete available N.
Procedures for monitoring the leaf area index (LAI), fruit (boll) development, and the water relations of the crop were described earlier . Briefly, l-m sections of row were selected randomly and all plants were harvested. Bolls were counted, and leaf areas were determined with a LiCor LI-3 100 leaf area meter (LiCor Instruments, Lincoln, NE).' Xylem pressure potential (assumed equivalent to leaf 'P) was determined between 1200 and 1400 h with a pressure chamber by standard procedures. Within each plot, readings were obtained on duplicate randomly-selected plants using the most recently matured mainstem leaf. Stomatal conductances were determined with a LiCor LI-1600 steady state porometer. Readings from abaxial and adaxial sides of the blade were added for total leaf g.
Diurnal changes in (iw and transpiration were also followed as described earlier . Both sets of measurements were made on the same leaves, beginning before dawn and ending at midday. Again, duplicate plants were randomly selected from each plot at each time of measurement. Transpiration was determined with the steady-state porometer, and abaxial and adaxial rates were added. Before each measurement, the porometer was reset to maintain humidity in the chamber equal to ambient humidity at the top of the canopy. Regressions of transpiration rate on 4'w were calculated, and L was taken to be the slope of the regression (cf. Eq. 1). In 1986, measurements on different days were not made in the same replicate plots, and 95% confidence limits of the slopes were calculated for purposes of comparisons within days. In 1987, measurements were made in all plots on all days, and the slopes were subjected to analysis of variance.
In all years, the experiments were laid out in a randomized complete block design, with three replications in 1984 and 1985 and four replications in 1986 and 1987. Most treatment effects and interactions were assessed by analysis of variance, with differences considered significant at P = 0.05. In the case of LAI determinations in 1984 and 1985, sampling of replicates during the season was incomplete within each date. These results are therefore presented as moving averages over a cycle long enough to include the complete set of replicates (10 d), but without analysis of variance.
RESULTS
The N deficiencies generated in these studies were moderate. Yields in the unfertilized plots in 1984 through 1987, estimated from numbers of bolls on the plants, were 96, 88, 87, and 85% of the yields in the fertilized plots, respectively.
In all years, N deficiency increased the midday of cotton (Fig. 1) . The difference was very small during the first half of the growing season. Beginning about Day 185 in all years, of the N-deficient plants was usually 0.2 to 0.4 MPa higher than that of the fertilized plants. In some years, notably 1985 and 1986, there was a tendency for to decrease as the season progressed (Fig. 1) . The effects of N and of day of the year (D) on 4,w were significant in all 4 yr. The N X D interaction was significant in 1984 and 1985, but not in 1986 and 1987. Several explanations are possible for the increased with N deficiency, including: (i) decreased leaf area leading to decreased interception of radiation and de-'Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the U.S. Department of Agriculture, and does not imply its approval to the exclusion of other products that may be suitable. creased transpirational flux through the plant; (ii) partial stomatal closure leading to decreased flux; (iii) osmotic stress as a result of the added N fertilizer; and (iv) increased root hydraulic conductance, because of either increased root length in the wetted soil zone or increased permeability per unit length. Each of these possibilities is considered below. Leaf Area. Fertilization with N typically increased the LA! of cotton (Fig. 2) . Early in the season, when plants were growing rapidly, differences in LA! were small except in 1987. In the first 2 yr, though, LA! in the N-deficient plots reached a constant value at about Day 200, whereas the fertilized plants continued growth for another 10 to 20 d (Fig. 2) . In 1986 and 1987 (the only years for which these data were analyzed), the effects of N and D were significant but the N X D interaction was not.
Comparison of leaf area with (Fig. 1) reveals that in 1984, 1985, and 1986 N deficiency increased v',, considerably earlier than it limited LAI. Thus it seems unlikely that leaf area alone can account for the difference in In 1987, although the differences in LA! appeared early in the season, the effect of N on was extremely small. Additionally, except in 1987 the LAI of the N-deficient crop reached or exceeded 3.0, a value considered to represent full canopy cover (Ritchie and Burnett, 1972; Puech-Suanzes et al., 1989) . With full cover, radiation interception is virtually complete despite the differences in LAI, and transpirational flux is no longer dependent upon LA!. These arguments indicate that leaf area cannot fully account for the N effect on Stomatal Conductance and Leaf Transpiration.
Stomatal conductance was followed during most of the 1984 season. In general, g was extremely high in both treatments after about Day 180 (Fig. 3) . Neither the effect of N nor the N X D interaction was significant. The effect of day of year was significant primanly because of the difference in g before and after Day 180. Stomatal opening and were also determined during a diurnal cycle in 1984, using leaves in full sun near the top of the canopy. In both treatments, ib was high before dawn, but it declined steadily during the morning, with a greater rate of decline in the fertilized plants (Fig. 4) . During this time, g, increased rapidly but was completely unaffected by N status, reaching a peak of almost 1.5 mol m 2 at 1100 h in both treatments (Fig. 4) . In the fertilized plots, g decreased in the early afternoon as 4, w reached -2.0 MPa or lower. This value oft.' is near the level for zero turgor (Radin et al., 1985) . Conductance in the N-deficient plants The slopes plus and minus their 95% confidence levels were 38.7 ± 14.5, 26.7 ± 6.0, and 39.9 ± 7.3 for fertilized plants on Days 190, 217 , and 245, respectively. For Ndeficient plants, the corresponding slopes were 37.1 ± 13.4, 40.2 ± 8.1, and 36.3 ± 10.2, respectively.
declined only slightly in the afternoon, because 4,, never reached a stressful level (Fig. 4) . These data do not indicate that N fertility affected by altering g. On the contrary, any differences in measured g more likely resulted from changes in i/', than vice versa. In 1986, the relationships between single-leaf transpiration and 4, w were determined for the two N levels. As transpiration increased during the morning, /' w decreased (Fig. 5) . From the slopes of the regressions, a A41 W of 0.2 to 0.4 MPa (the range of midday differences between the two treatments) should have corresponded to a difference in transpiration rates of 7 to 14 mmol rn-2 s-', or about 25 to 50% of the midday rate. No such difference was apparent ( Fig. 5 ; compare highest rates for each treatment). The data again are inconsistent with stomata being the source of the
Osmotic Stress or Other Soil Effects.
This hypothesis was not tested directly. However, of the plants is closest to equilibrium with the soil before dawn (Begg and Turner, 1976) , and effects of osmotic stress on leaf 4'w would be most readily apparent then. Fertilization with N did not consistently alter predawn ( Fig. 4 ; see also the values nearest the X-intercepts in Fig. 5) . A similar line of reasoning precludes an effect of N upon the soil hydraulic conductivity. These observations are not consistent with an indirect role of N, through the soil, in generating the
Root Hydraulic Conductance.
No distinction could be made between root L, expressed per unit length, and the total length of the root system. Thus estimates of L include potential contributions from both of these sources. No effects of N on L (slope of the regression of transpiration on t1') were detectable either on Day 190 or Day 245 of 1986 (Fig.  5) . On Day 217, though, the slope was lower for fertilized plants than for N-deficient plants. The difference in slopes was significant only on Day 217 and was adequate to explain the 4' only on that day. interpreted decreased L at that time of year (fruit filling) to indicate root degeneration and decreased ability to absorb water. If so, then root system degeneration may be more serious in fertilized than in N-deficient plantings.
In 1987, L was determined on 5 d throughout the season. It decreased significantly after Day 200, but neither the N effect nor the N X D interaction was significant (data not shown).
DISCUSSION
Beginning around Day 185 in four successive years, N deficiency increased the midday /' of cotton by 0.2 to 0.4 MPa (Fig. 1) . The difference appeared before N fertility affected LAI, and was present even when plants in both treatments had reached full canopy cover (LAI > 3) (Fig. 2) . No effects of N on either g (Fig.  3) or L (Fig. 5) could be detected. These results are inconsistent, in that a higher must be associated with either a reduced flux of water through the plant, or a greater conductance to water. Because there is no obvious explanation of the z4' based upon plant phenology, it seems possible that the experimental methods may be in error.
Speculative explanations of the discrepancy include the possibilities (i) that N status alters the ratio of single-leaf to whole-canopy transpiration rates; (ii) that N status alters the accuracy of the porometric estimates of leaf transpiration; and (iii) that N status alters the accuracy of the pressure-chamber determination of Any of these events would compromise the use of single-leaf data to assess N effects on the canopy. Regarding the first possibility, Puech-Suanzes et al. (1989) found the same ratio of single-leaf to canopy gas exchange in cotton across several cultivars, plant ages, and water stress levels. However, they did not study N fertility and it remains possible that N could alter the ratio. In our studies in 1984, there was no apparent percolation of water below, or accumulation within, the root zone (Mezainis, 1985) ; therefore the amount of water used by the crops must have approximated the amount applied (1200 mm in both cases). These observations imply that N status could not have greatly altered seasonal canopy transpiration. In this case, then, the similar g, in the uppermost leaves (Fig. 3) may reflect actual water use by the canopy.
The second possibility, that N status causes changes that are undetectable by porometry, is feasible if N deficiency alters the natural diaheliotropism of leaves. The uppermost leaves of cotton usually are oriented normal to the midday sun (Fukai and Loomis, 1976) . Transpiration and g were always determined with the leaf cuvette held normal to the solar radiation to minimize shadows on the leaf surface. However, the rate of gas exchange of undisturbed leaves is mostly determined by the amount of intercepted radiation (Marani et al., 1985; Puech-Suanzes et al. 1989) , and this function is related to leaf angle. Assuming that all radiation is direct, the expected 25 to 50% decrease in leaf transpiration rate (from Fig. 5 and the observed ) implies that N-deficient leaves must have deviated by 49 to 60° from the normal leaf angle. Such marked paraheliotropism should have been easily visible but was not seen.
The third possibility, that xylem pressure potential does not uniformly reflect , depends upon differential release of solutes during pressurization of leaves. The osmotic pressure of exudates from field samples was 0.026 MPa (Hartung et al., 1988) . With a z4' of 0.2 to 0.4 MPa, this proposed explanation requires that N deficiency stimulate release of solutes to 8-to 16-fold above normal. Although the possibility was not directly tested, earlier studies of glasshouse-grown plants revealed no effect of N status on solute concentration in the exudate . Therefore the extremely large z' resulting from differences in N fertility remains unexplained. Stuart et al. (1984) reported that mepiquat chloride (1,1 -Dimethylpiperidinium chloride) sometimes alters the of cotton in a manner similar to that of N deficiency shown here. They also failed to account for this difference on the basis of either leaf area or stomatal conductance. This growth regulator limits plant size and rankness, and enhances earliness (Bader and Niles, 1986) . These phenological changes are similar to those induced by N deficiency (Wadleigh, 1944) . In addition, both mepiquat chloride (Walter et al., 1980) and N deficiency (Wadleigh, 1944) increase the rootshoot ratio as they decrease the growth of the shoot. One might expect such a shift to be reflected in the measured hydraulic properties of the plant, but L was unaffected except on Day 217 (Fig. 5) . Stuart et al. (1984) did not determine L of their plants.
In addition to the inability to account for the there is also a discrepancy between the effects of N in controlled environments and in the field. Previous work showed that N deficiency decreases L in con-trolled environments (Radin and Boyer, 1982; Radin and Eidenbock, 1986; Radin and Matthews, 1989) . This decrease can lower the leaf' during the daytime enough to restrict leaf expansion. In the field, no such effect was seen. In fact, the increase in midday with N deficiency is consistent with an increase in L (although, as described above, any such increase could not be confirmed by the crude techniques used here).
In any case, there is no evidence that L limits leaf expansion of N-deficient cotton in the field. The discrepancy may result from the sole use of small vegetative plants in the controlled-environment experiments. However, another likely possibility depends upon the interaction of N with root temperature. The effect of N on root L in controlled environments is maximum at root temperatures near 23 °C, decreasing to zero at 30 °C (Radin, 1990) . Estimates of soil temperature at 0.5-rn depth (from unpublished data of B.A. Kimball) indicate that in Phoenix in an Avondale clay loam, it warmed to 30 °C on or before Day 182 in most years. Estimates of soil temperature are unavailable for Maricopa, but are probably similar. Thus, for most of the season, the root system may have been too warm to allow expression of the hydraulic effects of N. In the early part of the season when soils are cool, however, N availability is normally high (Gardner and Tucker, 1967) . Thus, given the normal environment and growing conditions in Arizona, this hypothesized N X temperature interaction may preclude large decreases in L with N deficiency at any time of the season.
CONCLUSIONS
Nitrogen deficiency increases by 0.2 to 0.4 MPa the midday 4,, of cotton in Arizona. The increase cannot be ascribed to measured differences in either leaf area or transpiration per unit leaf area. From this evidence, we conclude that N deficiency increases hydraulic conductance of the plant. Independent estimates of hydraulic conductance (as the slope of a regression relating transpiration rate to i /') revealed no effect of N, however, perhaps because the technique may not be sensitive enough to detect small changes. Earlier experiments in controlled environments had led to the hypothesis that N deficiency would decrease L and This hypothesis was refuted, possibly because root temperatures in the field may have exceeded the window in which the N deficiency depresses L.
